Northern forests are currently experiencing increasing mean temperatures, especially during autumn and spring. Consequently, alterations in carbon sequestration, leaf biochemical quality and freezing tolerance (FT) are likely to occur. The interactive effects of elevated temperature and ozone (O 3 ), the most harmful phytotoxic air pollutant, on Norway spruce (Picea abies (L.) Karst.) seedlings were studied by analysing phenology, metabolite concentrations in the needles, FT and gas exchange. Sampling was performed in September and May. The seedlings were exposed to a year-round elevated temperature (+1.3 °C), and to 1.4× ambient O 3 concentration during the growing season in the field. Elevated temperature increased the concentrations of amino acids, organic acids of the citric acid cycle and some carbohydrates, and reduced the concentrations of phenolic compounds, some organic acids of the shikimic acid pathway, sucrose, cyclitols and steroids, depending on the timing of the sampling. Although growth onset occurred earlier at elevated temperature, the temperature of 50% lethality (LT 50 ) was similar in the treatments. Photosynthesis and the ratio of photosynthesis to dark respiration were reduced by elevated temperature. Elevated concentrations of O 3 reduced the total concentration of soluble sugars, and tended to reduce LT 50 of the needles in September. These results show that alterations in needle chemical quality can be expected at elevated temperatures, but the seedlings' sensitivity to autumn and spring frosts is not altered. Elevated O 3 has the potential to disturb cold hardening of Norway spruce seedlings in autumn, and to alter the water balance of the seedling through changes in stomatal conductance (g s ), while elevated temperature is likely to reduce g s and consequently reduce the O 3 -flux inside the leaves.
Introduction
Based on 19 different global climate models, the annual mean temperature in Finland is predicted to increase by 1.2-1.5 °C by the year 2040 (Jylhä et al. 2009 ). Substantial increases in forest carbon sequestration are expected in the Northern Hemisphere under higher temperatures and longer growing seasons (Churkina et al. 2005 , Lin et al. 2010 . However, there is some evidence that Picea species, which are the most common species in boreal forests, do not benefit from rising temperatures in terms of growth and photosynthesis , Kostiainen et al. 2009 , Bronson and Gower 2010 . According to recent model simulations, the proportion of Norway spruce in Finnish forests will decrease as the climate becomes warm (Kellomäki et al. 2008) . Alterations in species composition in these forest biomes may alter the carbon storage potential of boreal forests in the future, having large ecological and economical consequences.
The development of freezing tolerance (FT) is dependent on the photoperiod and temperature (Welling and Palva 2006) . Consequently, the predicted autumnal warming has raised some questions about whether FT development in forest trees will be disturbed in the future (Repo et al. 1996 , Ögren et al. 1997 , Way 2011 . On the other hand, bud set and growth cessation are likely to occur earlier, which may result in an improved FT in autumn (Sakai and Weiser 1973, Kalcsits et al. 2009 ). Both photosynthesis (P n ) and dark respiration rates (R d ) are highly temperature dependent (Atkin and Tjoelker 2003, Sage et al. 2008) . The rising autumnal temperatures may affect the carbon balance of the forests if the stimulation of CO 2 loss exceeds that of CO 2 uptake (Piao et al. 2008) . The timing of bud burst in spring is dependent on accumulation of temperature sum, and the advanced bud burst at elevated temperatures may increase the possibility of freezing damage in the sensitive meristems during the late spring frosts that are common in the boreal zone.
The phenological, physiological and molecular aspects of overwintering of plants are well known (Sakai and Weiser 1973 , Levitt 1980 , Kaplan et al. 2004 , Welling and Palva 2006 , Guy et al. 2008 . Even small temperature changes can induce a wide range of responses in physiological, metabolic and molecular processes (Guy et al. 2008) . Both heat and cold stresses are known to induce alterations in carbohydrate and amino acid metabolism, changes in the accumulation of osmolytes, compatible solutes and antioxidants, as well as signalling molecules (Kaplan et al. 2004 , Guy et al. 2008 . However, the responses of Norway spruce to elevated temperature in autumn and spring at the biochemical and metabolic levels, and how these responses are connected to FT and survival of the seedlings, have not been studied before.
Tropospheric ozone (O 3 ) concentrations in the Northern Hemisphere are expected to increase until 2100 (IPCC 2007) . It has been estimated that the O 3 precursor emissions will be reduced in Europe, but the beneficial impacts of these reductions on background O 3 concentrations in Nordic countries will be offset by the increasing hemispheric background O 3 concentrations (Engardt et al. 2009 ). Ozone is a strong oxidant, causing accumulation of reactive oxygen species and cellular damage inside leaves (Dizengremel 2001) , followed by reductions in growth, photosynthesis and leaf area (Wittig et al. 2009 , Matyssek et al. 2010 ). Reduced energy reserves in plants grown under elevated O 3 have been associated with reductions in concentrations of soluble sugars (KontunenSoppela et al. 2007 , Wittig et al. 2009 ), which have cryoprotective activities (Kaplan et al. 2004 , Guy et al. 2008 ). Barnes and Davison (1988) found that O 3 predisposed Norway spruce trees to freezing injuries and winter desiccation through increased cuticular transpiration. In Picea abies (L.) Karst. and Pinus halepensis Mill., reduced unsaturation of fatty acids in cell membranes, found under elevated O 3 in autumn, was found to be related to dysfunction of the membranes (Wellburn et al. 1994 , Anttonen et al. 1995 . Generally, O 3 is known to induce synthesis of compounds related to defence against oxidative stress, such as antioxidants, phenolics and the lignin biosynthetic pathway (Dizengremel 2001 , Valkama et al. 2007 ).
Data concerning the interactive effect of increasing temperature and O 3 are scarce (Hartikainen et al. 2009 ). In Betula pendula Roth., elevated O 3 diminished the elevated temperature-induced stimulation of photosynthesis and leaf area growth, mainly by increasing the stomatal limitation for photosynthesis (Riikonen et al. 2009) . No previous studies exist about the interactive effect of elevated temperature and O 3 on the biology of conifer species. Since stomatal conductance generally decreases when air temperature increases ), growth at elevated temperatures could reduce O 3 uptake of the needles and, consequently, protect plants against O 3 -induced stress.
In our field experiment, we exposed Norway spruce (P. abies) seedlings to elevated temperature (1.3 °C, T) throughout the year, and to a 1.4× ambient O 3 concentration (O 3 ) during the growing season, and to a combination of both (T + O 3 ). We studied phenology, gas exchange and FT of the seedlings in autumn and spring. For understanding the biochemical reactions caused by the treatments, we analysed the concentrations of low-molecular-weight compounds (metabolites, including phenolics, polar and lipophilic compounds, and pigments) of the needles. Our hypotheses were: (i) elevated temperature reduces P n , and enhances R d ; (ii) bud set occurs earlier at elevated temperature and improves autumnal FT of the needles by increasing the concentrations of soluble sugars, amino acids and other compounds acting as osmolytes and compatible solutes; (iii) earlier bud burst at elevated temperature predisposes the seedlings to freezing damage in May; (iv) ozone-induced reduction in soluble sugars reduces FT of the needles and elevated O 3 concentration increases the concentration of defence-related phenolic compounds; (v) growth at elevated temperature causes stomatal closure, which reduces O 3 uptake and, consequently, O 3 -induced stress.
Materials and methods

Plant material
The experiment was carried out in the Ruohoniemi open-air O 3 -exposure field in Kuopio, Finland (62°53′N, 27°37′E, 80 m a.s.l.). Three-year-old Norway spruce (P. abies (L.) Karst.) seedlings of seed origin (Virrat, Central Finland) were planted on 1 June 2009, in soil containing quartz sand and unfertilized garden mould (1/2, v/v). Forty-four seedlings (mean height of 26 cm) were planted in each of the sub-plots (190 cm × 160 cm) at a distance of 24 cm from each other. Two seedlings from each Overwintering under elevated temperature and ozone 1103 Downloaded from https://academic.oup.com/treephys/article-abstract/32/9/1102/1652484 by guest on 16 November 2018 sub-plot were sampled for the analyses both in September and in May. The seedlings were watered when the soil water content was <10% (Theta Probe ML2, Delta-T Devices Ltd., Cambridge, UK) and fertilized with Peatcare SLOW RELEASE 1 (9% N, 3.5% P, 5% K and 4.8% Mg), totalling 42.6 kg N ha −1 year −1 (Yara, Harjavalta, Finland).
Ozone fumigation and temperature elevation
The open-air fumigation system consisted of four elevated O 3 plots and four ambient O 3 plots (10 m diameter). Ozone was generated from pure oxygen (Ozone Generator G21, Pacific Ozone Technology Inc., Brentwood, CA, USA) and released into the elevated O 3 treatment plots through vertical perforated tubes. Ozone concentrations were monitored at the height of 1.5 m from the centre of each plot using three ultraviolet (UV) photometric O 3 analysers (Model 1008-RS, Dasibi Environmental Corp., Glendale, CA, USA; Model O342 Module, Environnement S.A., Poissy, France) (Hartikainen et al. 2009 ). The O 3 treatment took place from 9 June to 30 September 2009 (14 h day −1 from 08:00 to 22:00). The O 3 fumigation was terminated at the end of September because during October-April, the air temperature in Finland is below or close to 0 °C, and the light level is very low. According to Utriainen and Holopainen (2000) , stomatal conductance of Pinus sylvestris L. under such conditions is close to zero. For this reason, it can be assumed that the cumulative O 3 effect during the winter months is of minor importance. The mean O 3 concentration, based on hourly mean values during exposure to O 3 , was 33.6 ppb under conditions of elevated O 3 and 24.3 ppb in ambient air conditions. The AOT40 (accumulated over the threshold of 40 ppb) was 4.7 ppm h −1 in elevated O 3 , and 0.1 ppm h −1 in ambient air.
Each of the four elevated O 3 and four ambient O 3 fields was divided into an infra-red-heated (IR) sub-plot and an ambienttemperature sub-plot (Hartikainen et al. 2009 ). The warming treatment (24 h day −1 ) was carried out from 8 June 2009 onwards ( Figure 1 ) using 1000 W IR-heaters (CIR-110, 230 V, Frico AB, Partille, Sweden) installed 70 cm above the canopy. The degree of warming achieved was controlled by adjusting the distance of the lamps from the seedlings. According to our tests, the IR-heaters did not emit radiation <800 nm. The air temperature (T-type thermocouples) and relative humidity (RH, HMP 35 A, Vaisala, Helsinki, Finland) were monitored in the centre of each sub-plot, and the heights of the sensors were adjusted to correspond to the heights of the branches that were used for the analyses. Air temperature was measured under snow cover if the seedlings were covered with snow. The soil temperature was continuously monitored at a depth of 5 cm (T-type thermocouples) (Figure 1 ). The IR-treatment resulted in an average 1.3 °C increase in air temperature, except for the very cold periods during January and March, when the IR-treated plants were in an environment 5 °C colder than the controls, due to the absence of the insulating effect of snow cover under the IR-heaters (Figure 1 ). According to our laboratory tests (K-and T-type thermocouples, and IR-sensor CI-510, CID, Inc., Camas, WA, USA), the needle temperature increased by 2 °C when the air temperature increased by 1 °C. At the time of the two samplings, the temperature sum (degree-days above a threshold of 5 °C (d. 
Overview of the sampling procedure
The samples for the metabolite analyses, dark respiration (R d ), freezing tests, needle water and N content were taken on 21 September 2009 and on 3-4 May 2010, between 09:30 and 10:30. Two plants from each sub-plot per sampling were randomly selected for the analyses. Gas exchange was measured in the field from the same seedlings 3 and 5 days prior to taking the samples in September and May, respectively. For all analyses and measurements, sample branches were taken from the uppermost whorl, which had developed during the growing season 2009, after the treatments had started. The branches for the metabolite analyses (needles were used for the analyses) were frozen in liquid N and freeze-dried. The seedlings were then cut, placed in a plastic bag and transported to the laboratory in a cooler. The branch previously used for the gas exchange measurements in the field was also used for the R d measurements in the laboratory. The rest of the needles from the upper whorl were used for the freezing tests, and for the determination of water content and N concentration. In the May sampling, one of the four replicates in the T + O 3 treatment was excluded due to freezing damage after a harsh winter. The soil in this plot experienced several freezethaw cycles. The data were excluded because it was not comparable with the other three replications. 
Timing of terminal bud formation and bud burst
The terminal bud set was recorded 11 times between 7 July and 14 August 2009, on 12 seedlings per plot. The timing of bud burst was monitored 10 times between the 3 and 24 May 2010. The formation of terminal buds and the timing of bud burst were defined as the time when 50% of the plants had set/opened buds.
Freezing test
Test temperatures in the September sampling were: +5, −5, −10, −15, −20 and −196 °C, and in the May sampling: +5, −7, −12, −17, −22, −27, −32, −37, −60 and −196 °C. In May, the freezing tests were conducted in the two consecutive days in four air-cooled chambers (WT600/70, Weiss Umwelttechnik GmbH, Reiskirchen-Lindenstruth, Germany) to be able to test more temperatures than in September. The needles were carefully detached from the twig and placed into a glass tube (10 needles per test temperature). The tubes were either placed in a growth chamber (+5 °C, control) or in the chambers adjusted to 0 °C. The temperature in the chambers was lowered by 5 °C h −1 . The desired temperatures were maintained for 3 h, and were then raised back to 0 °C (5 °C h −1 ). The needles were then subjected to an electrolyte leakage test: 6 ml of distilled water was added in the tubes, which were then placed in a shaker for 22 h (175 rpm). After the first conductivity measurement (L1), the samples were heated at 95 °C for 45 min and shaken for 22 h before the second conductivity measurement (L2). The relative electrolyte leakage (REL) was calculated as REL = L1/L2 × 100. The temperature of 50% lethality (LT 50 ) was estimated as the inflection point of the logistic sigmoid function (Luoranen et al. 2004 ).
Gas exchange measurements, water content and N concentration
Gas exchange measurements were made in the field on 18 September 2009 and on 28 April 2010, using a portable gas exchange apparatus Li-6400 (LI-COR Inc., Lincoln, NE, USA). The measurements were made using a conifer chamber, between 11:00 and 12:30, under natural, saturating light conditions (>1000 µmol m −2 s −1 photosynthetically active radiation), using a CO 2 concentration of 400 µl l −1 in the conifer chamber. Two seedlings were measured from each sub-plot. The block temperature and air humidity were adjusted to match the ambient air in the ambient temperature plots, whereas in the elevated temperature plots the block temperature was set to ambient temperature +1 °C. The dark respiration rate was determined from a detached branch in a darkened growth chamber, using the Li-6400 with an insect respiration kit (LI-COR Inc.). On 3-4 May, the R d of the seedlings grown at ambient temperature were measured at 10 °C and the seedlings grown at elevated temperature were measured at 12 °C, RH being 50-75%. In September, the R d was measured at 15 °C for all seedlings due to some technical difficulties. However, the temperature inside the cuvette is not precisely controllable, and we believe that the data can be used for studying the treatment effects on R d . After the R d measurements, the fresh and dry weights (48 h at 60 °C) of the needles were determined. The needles were scanned and the total surface area of the needles was calculated by using the projected needle area and the cross-sectional needle width (Sellin 2000 , Räsänen et al. 2012 , by the tools within the ImageJ software (ImageJ, US National Institutes of Health, Bethesda, MD, USA, http://imagej.nih.gov/ij). The needle N concentration was determined by the Kjeldahl method (Allen 1989) .
Metabolite analysis
Spruce needles were frozen in liquid nitrogen, freeze-dried for 80 h (Christ Alpha 1-2, B. Braun Biotech International, Melsungen, Germany) and homogenized into a powder. Samples of needle powder (59-61 mg) were extracted with 1.0 ml of a cold chloroform/methanol/water mixture (CMW, 3/5/2, v/v) with ribitol (40 µg/ml) and non-adecanoic acid methyl ester (20 µg/ml) as internal standards (for details see Ossipov et al. 2008) . Extracts were divided into fractions of polar and lipophilic metabolites and analysed separately.
For the gas chromatography-mass spectrometry (GC-MS) analysis, samples of lipophilic and polar fractions were transformed into trimethylsilyl derivatives. Raw data of the GC-MS analyses were processed by TurboMass Gold V.5.4.0 software (Perkin-Elmer, Waltham, MA, USA). The relative metabolite contents were calculated by normalizing their peak areas to the response of the internal standards, and furthermore, to 1 g of dry mass of the needle sample. Many of the compounds detected were identified using database searches (NIST-08, www.nist.gov, GC-MS database of the Max Planck Institute of Molecular Physiology of Plants, Germany, http://csbdb. mpimp-golm.mpg.de; and our own GC-MS database of plant metabolites).
Individual phenolics were studied in fractions of polar compounds with a high-performance liquid chromatography with diode array (HPLC-DAD) system (Merck-Hitachi, Tokyo, Japan). A selected set of polar fraction samples was also analysed using an LC-MS Agilent 1200 with a BRUKER micrOTOF-Q-MS detector (Agilent Technologies, Santa Clara, CA, USA) for the identification of phenolics. For quantification of the polar phenolics, raw HPLC data of all samples were exported into COWTool software (COWTool version 1.1., Department of Biotechnology, DTU, Lyngby, Denmark), subjected to baseline correction and aligned against the master chromatogram of polar phenolics to correct any retention time differences between the different samples. The processed raw data were used to determine the retention time and height of all phenolic peaks. Relative individual phenolic contents were calculated as peak heights per 1 g of dry weight of a leaf sample. 
Statistical analyses
The experimental design was a split-split-plot design in which O 3 was the completely randomized whole plot treatment, temperature was the split-plot treatment and sampling (S, September/May) was the split-split-plot treatment. Treatment effects were analysed by means of linear mixed models using SPSS 17.0 for Windows (SPSS, Chicago, IL, USA). The analyses were performed on splitsplit-plot mean values (n = 4). Where necessary, the values were log transformed to achieve normal distribution and a homogenous variance of residuals. P values of <0.05 were considered significant, and P values <0.1 marginally significant. Pair-wise comparisons (Sidak adjustment method) were performed for interpreting the significant and marginally significant interactions (S × O 3 for LT 50 , total concentration of polar compounds and soluble sugars, and S × T × O 3 for g s ). The metabolite data were processed using SIMCA-P 12.0 (Umetrics AB, Umeå, Sweden). Principal component analysis (PCA) was computed to get an overall insight into the treatment effects on the metabolite profiles of the needles. The data were standardized by Pareto scaling and centering, and the PCA was computed for the samplings separately. According to Wiklund et al. (2008) and van den Berg et al. (2006) , using Pareto scaling reduces the impact of noise and artefacts in the models, and the data stay closer to the original measurement than the UV scaling. The PCA data are shown in the supplementary data (see Supplementary Table S1a and b available as Supplementary Data at Tree Physiology Online). The data were then subjected to OPLS-DA (orthogonal PLS (partial least squares to latent structures) discriminant analysis) to generate S-plots which were used for identifying the significant compounds separating the treatments from the control. Significant compounds were selected from the loading plot: a compound was considered significant at the 0.05 level when the confidence interval did not include zero (Wiklund et al. 2008) .
Results
Phenology and physiological parameters
In September, elevated temperature significantly reduced P n (−54%), g s (−67%), R d (−13%) and P n /R d (−47%), and increased needle N concentration (+14%), but the LT 50 values and the water content of the needles were similar in the treatments (Tables 1 and 2 ). In May, elevated temperature significantly increased R d (+18%), water content (+22%) and N concentration (+20%), and reduced P n (−15%), g s (−18%) and P n /R d (−30%) of the needles (Tables 1 and 2 ). Elevated temperature advanced the formation of terminal buds in 2009 by 8 days, and bud burst in 2010 by 5 days (Tables 1 and 2 ).
Elevated O 3 had no significant effect on the phenological processes (Tables 1 and 2 ). Elevated O 3 tended to reduce the LT 50 value in September (Tables 1 and 2 ). The significant interaction S × T × O 3 on g s indicates that at ambient temperature, elevated O 3 increased g s in September and reduced it in May. Otherwise, elevated temperature responses were similar in both O 3 concentrations.
Metabolite analyses
Altogether, 299 and 328 compounds were quantified in September and May, respectively. The most powerful Table 1 . The physiological and phenological parameters (mean values ± SE) measured in Norway spruce seedlings grown in ambient air (C), elevated temperature (T), elevated O 3 concentration (O 3 ) or a combination of both (T + O 3 ).
Parameter
Sampling
LT 50 (°C) September −16.0 ± 2.9 −16.8 ± 0.8 −11.6 ± 1.4 −15.1 ± 2.6 May −15.3 ± 1.7 −17.8 ± 1.3 −16.5 ± 0.6 −18.5 ± 1.4 N (mg −1 DW) September 24.4 ± 1.2 27.7 ± 2.1 24.0 ± 0.7 27.5 ± 1.1 May 18.6 ± 1.1 22.4 ± 0.4 19.2 ± 0.5 21.3 ± 1.2 Needle water content (%) September 56.0 ± 0.5 56.2 ± 0.4 57.5 ± 0.5 56.8 ± 0.6 May 38.4 ± 2.2 46.9 ± 1.0 39.7 ± 1.8 51.8 ± 4.9 R d (µmol CO 2 m −2 s −1 ) September 0.30 ± 0.02 0.26 ± 0.02 0.31 ± 0.01 0.29 ± 0.03 May 0.94 ± 0.11 1.11 ± 0.09 0.78 ± 0.08 1.19 ± 0.12 P n (µmol CO 2 m −2 s −1 ) September 3.7 ± 0.1 1.7 ± 0.2 4.0 ± 0.4 1.7 ± 0.5 May 6.6 ± 0.1 5.6 ± 0.4 4.9 ± 0.5 5.9 ± 1.0 P n /R d September 12.7 ± 1.0 6.7 ± 1.4 12.9 ± 1.8 5.6 ± 1.4 May 7.3 ± 0.9 5.1 ± 0.4 6.5 ± 1.0 5. LT 50 , temperature of 50% lethality; R d , dark respiration rate; P n , net photosynthesis; g s , stomatal conductance; bud burst 50%, day of the year (DOY) when 50% of the terminal buds were open; bud formation 50%, DOY when 50% of the terminal buds were formed. Figure 2e ). Some compounds with higher concentrations in T and T + O 3 than in C were identified as significant in both samplings: citric acid, γ-aminobutyric acid (GABA) and α-linolenic acid (Tables 3 and 5 ). The compounds with significantly lower concentrations in T than in C in both samplings were sucrose, shikimic acid, ononitol and raffinose. In September, the main group of compounds that separated C and T were carbohydrates. The concentrations of several monosaccharides were significantly higher in T than in C, while the concentrations of Table 4 . Statistically significant metabolites that separated the control (C) and elevated O 3 treatments (O 3 ), identified from the S-plots. The metabolites are listed according to their contribution to the model: the most powerful metabolites are at the top. sucrose and cyclitols (myo-inositol, d-pinitol, ononitol, quinic acid and shikimic acid) were lower in T than in C (Table 3) . In May, some monosaccharides, disaccharides and raffinose were reduced in T, whereas the concentrations of some organic acids and amines were increased (Table 3 ). The most abundant soluble carbohydrates in the needles were sucrose, fructose and pinitol (data not shown). In May, the concentration of dehydroabietic acid was higher in T than in C, while the concentrations of several steroids, cinnamic acid and dehydroascorbic acid dimers were reduced. Mainly the same, above-mentioned compounds were found significant when C was compared with T + O 3 (Table 5) . Only a few differences were found for the O 3 treatment, mainly in the concentrations of sugar compounds and some phenols (Table 4 ). The concentration of 5-oxoproline was reduced in O 3 (not significantly in May) and T + O 3 compared with C (Table 5) .
Discussion
Elevated temperature reduced the ratio of photosynthesis to respiration
In this study, elevated temperature did not enhance P n . This is in line with a study on Picea mariana (Mill.) B.S.P conducted in the boreal zone (Bronson and Gower 2010) . The ratio of P n to R d was lower at elevated temperature than in ambient air in both the September and May samplings, indicating that a higher proportion of fixed carbon was respired at elevated temperature. In May, this was related to the advanced phenological stage of the seedlings: bud burst occurred 5 days earlier at elevated than at ambient temperature, increasing the energy demand for metabolism and transport processes. The reduced ratio of P n to R d in September at elevated temperature is in accordance with Piao et al. (2008) , who found that autumnal warming reduced the carbon sequestration in northern ecosystems because respiration rate increased more than that of photosynthesis.
The reduced P n in September at elevated temperature was connected to the reduced g s , and to an accumulation of soluble sugars in the needles. Furthermore, increased concentrations of phytol may indicate the breakdown of chlorophyll and a reduction in P n as the autumn proceeded. Despite the increased soluble sugar concentration in the needles (enhanced substrate availability for respiration) and a higher N concentration at elevated temperature, R d was 13% lower in T than in C at the time of the September sampling. This may indicate increased adenylate restrictions on respiratory metabolism in T and T + O 3 plants. The accumulation of citric acid (and other organic acids related to the citric acid cycle (data not shown)) at elevated temperature may indicate an over-production of NADPH in the citric acid cycle (Buchanan et al. 2002) . Citric acid is also used for amino acid biosynthesis, which was increased in T and T + O 3 . These findings support our first hypothesis that elevated temperature causes reductions in P n . However, the temperature effects on R d depended on the phenological stage of the seedlings.
Elevated temperature did not affect the FT of the seedlings
In contrast to our second hypothesis, the shift in carbohydrate metabolism, and the accumulation of compounds connected to stress tolerance in September, and the early bud set, did not improve the FT of the seedlings grown at elevated temperature. In the September sampling, sucrose synthesis was either slowed down (reduced P n in the autumn) or its breakdown was enhanced. This may indicate an increased demand for energy or carbon skeletons during cold hardening, as monosaccharides, such as fructose, glucose and galactose accumulated in the needles. Furthermore, the concentrations of cyclitols (myo-inositol, pinitol, ononitol and raffinose) were reduced in T and T + O 3 . In both the September and May samplings, the concentration of α-linolenic acid increased at elevated temperature. α-Linolenic acid is the main fatty acid of chloroplasts, being a precursor for jasmonic acid formation during stress-signalling and defence-activation processes. An increased concentration of α-linolenic acid may indicate a high proportion of polyunsaturated fatty acids in the membranes, Overwintering under elevated temperature and ozone 1109 allowing the membranes to maintain their fluidity and to remain semipermeable at low temperatures (Levitt 1980) . The fact that the FT of the seedlings with increased concentrations of monosaccharides and α-linolenic acid did not increase highlights the complex nature of cold acclimation (Guy et al. 2008) .
In the May sampling, the plants grown at elevated temperature proceeded faster in their phenological development, had a higher water content, N concentration and R d , and a slightly lower P n and g s than in the controls, but, nevertheless, FT was not lower than in the seedlings in the other treatments. Thus, our third hypothesis was rejected. It is possible that the lack of a protective snow cover under the IR heaters during February and March led to an accumulation of metabolites, such as soluble sugars and amino acids, that are involved in the protection against low-temperature-induced stress (Guy et al. 2008) . Further, the seedlings were simultaneously exposed to both freezing and drought stress during sunny days in the early spring, when the soil was still frozen, triggering the formation of compounds that improved cell osmotic adjustment and defence against oxidative stress (Blödnera et al. 2005) .
The most pronounced compounds that were increased in T in May were organic acids (citric acid, malic acid, l-ascorbic acid) and amino acids (l-proline and ornithine), in addition to the compounds that increased in September (GABA, α-linolenic acid). Many of these compounds are related to cell osmotic adjustment and to tolerance to oxidative stress. Both l-proline and GABA may act as osmolytes, antioxidants, energy sinks and signalling molecules (Bouché and Fromm 2004, Szabados and Savouré 2010) . Ornithine is a precursor for the synthesis of polyamines, and is involved in amino acid metabolism and N storage (Hare et al. 1998) . The concentration of the diterpene dehydroabietic acid increased in T in May. Previously, Sallas et al. (2003) found that, in Norway spruce, dehydroabietic acid increased at elevated temperatures, together with the other resin acids. There was clearly a trade-off between the synthesis of diterpenes and steroids, because the concentration of several steroids was reduced in T, and diterpenes and steroids are known to be synthesized through a common precursor, farnesyl (Buchanan et al. 2002) . The concentration of several sugar compounds was reduced in T, which was connected with the remobilization of stored resources to support the growth onset at an elevated temperature.
Elevated temperature altered the chemical quality of the needles
Elevated temperature reduced some of the organic acids of the shikimic acid pathway. This pathway is related to the synthesis of many cell wall components and lignin, aromatic amino acids and phenylpropanoids, and is also closely linked with carbohydrate metabolism (Buchanan et al. 2002) . Concurrently with the reduced concentration of shikimic acid and quinic acid, the total phenolic concentration in T and T + O 3 reduced. For example, the concentrations of 4′-hydroxyacetophenone ( piceol) and cinnamic acid were found to decrease at elevated temperature. The decrease in phenolics at an elevated temperature was previously detected in other tree species (Kuokkanen et al. 2001 , Paajanen et al. 2011 ). In our study, elevated temperature increased the N concentrations in the needles, also seen as an increase in N-rich compounds (protein amino acids, GABA). The IR treatment increased the soil temperature by ~3 °C, which may have caused a faster mineralization of N (see Rustad et al. 2001 ). The concentrations of N and phenolic compounds are important determinants for the nutritional quality of tissues (Cadisch and Giller 1996, Awmack and Leather 2002) . According to our study, elevated temperatures may modify the performance of herbivorous insects and litter decomposition by soil heterotrophs, through changes in the concentrations of N, phenolics, amino acid and carbohydrate compounds in the needles.
Elevated O 3 has the potential to disturb cold hardening of Norway spruce seedlings
In September, the 1.4-fold increase in ambient O 3 concentration caused a marginally significant reduction (P = 0.091) in LT 50 in the needles. In conifers, a reduced FT has previously been connected to increased cuticular transpiration (Barnes and Davison 1988) and cell membrane dysfunction (Wellburn et al. 1994) . In this experiment, no significant alterations in lipid composition or concentration were found, but the reduction in LT 50 occurred concurrently with the significant reduction in the total concentration of soluble sugars, which is a common response to elevated O 3 concentration in tree species (Wittig et al. 2009 ). In our experiment, elevated O 3 did not affect carbon fixation. Rather, the use of fixed carbon was altered, resulting in a reduced availability of the carbon-based cryoprotectants. These findings made in September are in agreement with our fourth hypothesis that elevated O 3 decreases the concentration of soluble sugars which reduces FT of the needles. However, the hypothesis did not hold for the data collected in May. Interestingly, the total concentration of polar compounds was higher in O 3 than in C in May, although O 3 exposure ended in October 2009, indicating long-lasting persistent impacts of chronic O 3 stress. These individual polar compounds that were increased under the O 3 treatment were related to phloem loading (sucrose, raffinose), stress (trehalose) and phenylpropanoid synthesis (d(−)-quinic acid). d(−)-Quinic acid was the only defence-related phenolic compound whose concentration increased under elevated O 3 .
Elevated O 3 affected g s only at ambient temperatures: this response was the only significant interactive effect of elevated temperature and O 3 on the physiological parameters. Elevated O 3 increased g s in September and decreased it in May. According to the existing literature, O 3 is capable of impairing the regulation of stomatal functioning, and of reducing stomatal sensitivity to other stress factors, by causing reductions in P n and by altering hormonal production (reviewed by Wilkinson and Davies 2010) . According to our study, O 3 increased water loss through the stomata in autumn, which may predispose the seedlings to drought under soil water deficit conditions. The fact that elevated temperature reduced g s in both O 3 concentrations, thereby reducing the O 3 uptake through the stomata in the T + O 3 treatment, supports the initial hypothesis 'Growth at elevated temperature causes stomatal closure, which reduces O 3 uptake and, consequently, O 3 -induced stress'. Elevated temperature affected the metabolome concentrations similarly in both elevated and ambient O 3 concentrations. However, elevated O 3 reduced the concentration of 5-oxoproline in both temperature regimes (not significantly in May). 5-Oxoproline is an intermediate in glutathione metabolism (Conklin and Barth 2004) . The above-mentioned O 3 responses were found after exposing the seedlings to elevated O 3 for only one growing season. According to long-term experiments with elevated O 3 , the O 3 effects on plant physiology and biochemistry are cumulative, emphasizing the need for long-term experiments (Karlsson et al. 2002 , Wittig et al. 2009 ).
Conclusions
Elevated temperature induced changes in the metabolite concentrations and chemical quality of the needles. According to our study, however, increasing temperature does not increase the risk for freezing damage either in autumn or in spring. Some evidence of disturbed autumnal cold hardening and of water balance of Norway spruce seedlings under elevated O 3 was found. The stomatal closure induced by elevated temperature may reduce the O 3 -flux into the needles, thus reducing the oxidative stress caused by elevated O 3 . However, caution must be taken when extrapolating these results gained from seedlings into field situations using mature trees.
Supplementary data
Supplementary data for this article are available at Tree Physiology Online.
